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Description

[0001] The presentdisclosure relates to wind turbines,
and more particularly relates to methods and systems for
determining reliability or correct functioning of load sen-
sors inawind turbine. The present disclosure particularly
relates to the determining the functioning of load sensors
indicative of blade root bending moments.

BACKGROUND

[0002] Modern wind turbines are used for supplying
electricity to the grid. A wind turbine generally includes a
tower with a nacelle supported on top of the tower. Awind
turbine rotor comprising a hub and a plurality of wind
turbine blades may be rotatably mounted to the nacelle.
[0003] Thewindturbine blades may be setin motion by
wind. The hub of the wind turbine may be operatively
coupled with arotor of a generator. As the hub and blades
rotate, the kinetic energy of the wind is converted to
kinetic mechanical energy of the wind turbine rotor and
ultimately to electrical energy or power in the generator.
The generator may typically be arranged inside the na-
celle.

[0004] The wind turbine rotor may be coupled directly
to the generator rotor in so-called direct drive wind tur-
bines. Or the wind turbine rotor may include a main rotor
shaft (a so-called "low speed shaft" which leads to a
gearbox. A high-speed shaft of the gearbox may then
drive the generator. Regardless of the topology of the
wind turbine, the electrical power output of the generator
may be fed to an electric grid. The connection of the
generator to the grid may include e.g. a converter, trans-
former, medium voltage line and other.

[0005] A wind turbine controller may be configured to
determine suitable actuator setpoints for the wind turbine
based on the prevailing circumstances. The actuator
setpoints for modern variable speed wind turbines in-
clude e.g. the generator torque and the pitch angle of the
blades. Through control of the pitch angle(s) of the
blade(s) and the generator torque, the speed of the rotor
may be controlled, as well as the electrical power output,
aerodynamic thrust and further mechanical loads. The
purpose of the control system is generally to maximize
electrical power output while at the same time keeping
loads in the wind turbine at an acceptable level.

[0006] As mentioned before, the actuator setpoints of
torque and pitch (but also other actuators such as yaw)
may be changed in accordance with circumstances. im-
portant input for the determination of the actuator set-
points include e.g. wind speed, and wind direction. The
wind speed may be measured directly or indirectly e.g.
through the use of a (generator) rotor speed sensor.
[0007] Wind turbines may also comprise load sensors
on or in the blades for measuring loads on the blades
caused by for example the wind and/or the weight of the
blades. Too high loads on the blades can e.g. damage the
blades and/or cause undesirable rotational speeds of the
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rotor which may damage other components of the wind
turbine. The blade load sensors permit detecting high
loads and make it possible to react, by e.g. acting on the
pitch systems in such a way that loads on the blades may
be reduced. These adjustments on the blades through
the pitch systems may extend the life of the wind turbine
and/or reduce the cost of producing power.

[0008] Itis therefore important for the safe and efficient
operation of a wind turbine that the load measurements
as retrieved from load sensors are reliable, i.e. they
correctly indicate the actual loads at any given time. Load
sensors for measuring loads on wind turbines, and parti-
cularly wind turbine blades may include resistive strain
gauges, fiber optic strain gauges or any other known
strain sensing system. The performance of these kinds
of sensors may degrade over time, under the influence of
continuous loading, and under the influence of tempera-
ture changes, and from being exposed to different sorts of
ambient conditions and environments.

[0009] Different blade loads may be defined for a wind
turbine blade, namely edgewise loads, spanwise loads
and flapwise loads. A spanwise direction refers to a
direction along a longitudinal axis of the blade, extending
from the blade root towards the blade tip. The edgewise
direction refers to a direction along the chord of a section
of the wind turbine blade, i.e. extending from leading
edge to trailing edge. The flapwise direction is perpendi-
cular to both the edgewise and the spanwise direction.
[0010] With respect to a wind turbine rotor, loads may
be decomposed as in-plane loads (loads that are tan-
gential to the rotor plane) and out-of-plane loads (loads
that are perpendicular to the rotor plane). The rotor plane
may herein be defined as a plane perpendicular to the
rotor rotational axis and passing through a center of the
blades at the blade root.

[0011] Blade load sensors can be calibrated in order to
preserve their accuracy when taking measurements of
the loads on the blades. Calibration normally comprises
establishing correspondence between indications gen-
erated by the blade load sensors and values of reference
according to calibration patterns (i.e. particular condi-
tions for calibration). If the calibration process produces
some inconsistency, suitable adjustments may be under-
taken on the load sensors to improve their accuracy.
[0012] It is known that blade load sensors can be
manually calibrated in a factory by e.g. statically pulling
the blades to obtain particular conditions for calibration.
This manual calibration is normally performed before
mounting the blades on the wind turbine. However, over
time, load sensors may need to be recalibrated.

[0013] EP 2615 303 discloses a method of calibrating
one or more load sensors of a blade of a wind turbine,
wherein the wind turbine comprises: a main generator; a
power electronic converter connected with the main gen-
erator; a rotor operationally connected with the main
generator and carrying the blade. And the method being
comprises: acting on the power electronic converter to
operate the main generator as motor to set the blade in at
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least one predetermined condition; measuring loads in
the predetermined condition using the load sensors of the
blade; and calibrating the blade load sensors taking into
account the measured loads.

[0014] Such a method can be carried out particularly
after interruption of normal operation of a wind turbine.
[0015] Itis also known that blade load sensors can be
manually calibrated when the blades are mounted on the
wind turbine by manually (i.e. mechanically) acting on the
wind turbine to e.g. set the blade in a particular position
(e.g. horizontal position) with a particular pitch angle.
This manual calibration permits recalibrating the load
sensors regularly. However, this type of calibration may
take a long time and may be especially expensive for
offshore wind turbines because operators need to go
where the wind turbine is located.

[0016] Itis also known to use automatic calibration of
blade load sensors during operation of the wind turbine
by recording several minutes of data (or indications or
load measurements) from the blade load sensors. For
example, data from the load sensors may be recorded
e.g. when predetermined conditions for calibration are
met during idle operation of the wind turbine at low winds.
Some of said predetermined conditions may be obtained
after several hours or days of idling operation of the wind
turbine. Therefore, a drawback of this type of calibration
may be thatit can take along time, depending on the wind
conditions. Document US2013/110414 A1 is another
prior art example that determines the reliability of load
sensors on a wind turbine.

[0017] The present disclosure provides examples of
methods and systems for determining reliability or correct
functioning of load sensors that resolve at least some of
the aforementioned disadvantages.

SUMMARY

[0018] In a first aspect, a method for determining re-
liability of one or more load sensors in a wind turbine is
provided. The method comprises, measuring loads with
the load sensors during operation of the wind turbine and
determining in-plane moments with rotor rotational speed
frequency of one or more blades based on the measured
loads. The method then further comprises comparing the
in-plane moments with rotor rotational speed frequency
with theoretical in-plane moments due to a mass of the
blades and determining that the load sensors have re-
duced reliability if the in-plane moments with rotor rota-
tional speed frequency deviate from the theoretical in-
plane moments by more than a first threshold value

[0019] In accordance with this aspect, the reliability or
correct functioning of load sensors can be determined
during operation of the wind turbine, i.e. the operation of
the wind turbine does not need to be interrupted or put in
specific conditions in order to be able to determine
whether the load sensors are correctly indicating the
loads. The loads measured may be measured as in-
plane moments or converted to in-plane moments. The
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in-plane moments at any given moment during operation
will be acombination of aerodynamic loads and loads due
to mass of the blades. The mass of the blades will how-
ever provide the same moment throughout every rotation
of the blade. At a 12 o’clock position and at a 6 o’clock
position, the mass of the blade will not contribute to a
bending moment. But at a 3 o’clock position and a 9
o'clock position, the bending moment due to the mass
of the blade will be at a maximum (in one direction, and in
the opposite direction). The mass of the blade will have a
well-defined contribution with 1p frequency, i.e. the var-
iation of the moment due to the mass will have the same
frequency as the rotor rotational speed. The rotor in this
respect refers to the wind turbine rotor, not to the gen-
erator rotor. The generator rotor may have the same
rotational speed in the case of a direct drive wind turbine,
but may have a very different speed in the case of a wind
turbine with gearbox.

[0020] The terms "1p frequency" and "rotor rotational
speed frequency" may be used interchangeably through-
out this disclosure.

[0021] By selectingthein-plane moments with the rotor
rotational speed frequency and comparing the selected
in-plane moments with theoretical in-plane moments due
to a mass of the blade, a deviation between the two
indicates a possible malfunctioning of the load sensors.
Once such a possible malfunctioning is detected, differ-
ent actions can be taken to reduce the risk of a malfunc-
tioning load sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Non-limiting examples of the presentdisclosure
will be described in the following, with reference to the
appended drawings, in which:

Figure 1 illustrates a perspective view of a wind
turbine according to one example;

Figure 2 illustrates a detailed, internal view of a
nacelle of a wind turbine according to one example;

Figures 3A - 3E schematically illustrates an example
of a method for determining reliability of one or more
load sensors in a wind turbine;

Figures 4A and 4B schematically illustrate an exam-
ple of a comparison between theoretical in-plane
moments due to the mass of rotor blades and mea-
sured in-plane moments with 1p frequency;

Figures 5A and 5B schematically illustrate another
example of how a comparison between theoretical
in-plane moments due to the mass of rotor blades
and measured in-plane moments with 1p frequency
may be carried out;

Figure 6 schematically illustrates a method for on-
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line determination of correct functioning of load sen-
sors mounted on a wind turbine blade.

DETAILED DESCRIPTION OF EXAMPLES

[0023] Inthese figures, the same reference signs have
been used to designate matching elements.

[0024] Figure 1 illustrates a perspective view of one
example of a wind turbine 160. As shown, the wind
turbine 160 includes a tower 170 extending from a sup-
port surface 150, a nacelle 161 mounted on the tower
170, and arotor 115 coupled to the nacelle 161. The rotor
115 includes a rotatable hub 110 and at least one rotor
blade 120 coupled to and extending outwardly from the
hub 110. For example, in the illustrated embodiment, the
rotor 115 includes three rotor blades 120. However, in an
alternative embodiment, the rotor 115 may include more
or less than three rotor blades 120. Each rotor blade 120
may be spaced about the hub 110 to facilitate rotating the
rotor 115 to enable kinetic energy to be transferred from
the wind into usable mechanical energy, and subse-
quently, electrical energy. For instance, the hub 110
may be rotatably coupled to an electric generator 162
(Figure 2) positioned within the nacelle 161 to permit
electrical energy to be produced.

[0025] Figure 2 illustrates a simplified, internal view of
one example of the nacelle 161 of the wind turbine 160 of
the Figure 1. As shown, the generator 162 may be dis-
posed within the nacelle 161. In general, the generator
162 may be coupled to the rotor 115 of the wind turbine
160 for generating electrical power from the rotational
energy generated by the rotor 115. For example, the rotor
115 may include a main rotor shaft 163 coupled to the hub
110 for rotation therewith. The generator 162 may then be
coupled to the rotor shaft 163 such that rotation of the
rotor shaft 163 drives the generator 162. For instance, in
the illustrated embodiment, the generator 162 includes a
generator shaft 166 rotatably coupled to the rotor shaft
163 through a gearbox 164.

[0026] Itshould be appreciated that the rotor shaft 163,
gearbox 164, and generator 162 may generally be sup-
ported within the nacelle 161 by a support frame or bed-
plate 165 positioned atop the wind turbine tower 170.
[0027] Thenacelle 161 isrotatably coupled to the tower
170 through the yaw system 20 in such a way that the
nacelle 161 is able to rotate about a yaw axis YA. The yaw
system 20 comprises a yaw bearing having two bearing
components configured to rotate with respect to the
other. The tower 170 is coupled to one of the bearing
components and the bedplate or support frame 165 of the
nacelle 161 is coupled to the other bearing component.
The yaw system 20 comprises an annular gear 21 and a
plurality of yaw drives 22 with a motor 23, a gearbox 24
and a pinion 25 for meshing with the annular gear 21 for
rotating one of the bearing components with respect to
the other.

[0028] Blades 120 are coupled to the hub 110 with a
pitch bearing 100 in between the blade 120 and the hub
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110. The pitch bearing 100 comprises an inner ring and
an outerring. Awind turbine blade may be attached either
at the inner bearing ring or at the outer bearing ring,
whereas the hub is connected at the other. A blade
120 may perform a relative rotational movement with
respect to the hub 110 when a pitch system 107 is
actuated. The inner bearing ring may therefore perform
a rotational movement with respect to the outer bearing
ring. The pitch system 107 of Figure 2 comprises a pinion
108 that meshes with an annular gear 109 provided on
the inner bearing ring to set the wind turbine blade into
rotation around a pitch axis PA.

[0029] The energy produced by the generator may be
delivered to a converter which adapts the output elec-
trical power of the generator to the requirements of the
power grid. The electrical machine may comprise elec-
trical phases, e.g. three electrical phases. The converter
may be arranged inside the nacelle or inside the tower or
externally.

[0030] Figure 3A schematically illustrates an example
of a method for determining reliability of one or more load
sensors in a wind turbine. The method comprises, at
block 200, measuring loads with the load sensors during
operation of the wind turbine. At block 210, in-plane
moments based on the measured loads are determined.
Then, at block 220, the in-plane moments with 1p fre-
quency are selected. At block 230, the selected in-plane
moments with theoretical in-plane moments due to a
mass of the blade are compared. Then, at block 240,
the determination may be made that the load sensors
have reduced reliability if the selected in-plane moments
deviate from the theoretical in-plane moments by more
than a first threshold value.

[0031] Various examples of the steps of the method, or
blocks in figure 3A, will be explained with reference to
figures 3B- 3E.

[0032] In some examples, the measuring loads at
block 200 may comprise measuring flapwise and edge-
wise moments. Standard wind turbine blades may incor-
porate suitable load sensors. The load sensors may be
strain gauges. Depending on where and how the load
sensors are mounted, strains may be measured in dif-
ferent directions. Sensors arranged in the hub, or any
other (indirect) blade support may be used to determine
loads as well.

[0033] Edgewise and flapwise loads may be used in
control of wind turbines. Figure 3B illustrates measure-
ment of flapwise and edgewise moments for three blades
of a wind turbine throughout a number of full rotations.
[0034] The edgewise and flapwise moments may be
converted to in-plane moments and out-of-plane mo-
ments based on a pitch angle of the blade at block
210. Only the in-plane moments need to be considered
in the present method, since the loads of rotor wind
turbine blades will be in-plane loads, not out-of-plane
loads. The result for the three blades may be seen at
figure 3C.

[0035] At block 220, the selecting the in-plane mo-
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ments with rotor rotational speed frequency may com-
prise filtering the determined in-plane moments using a
peak filter. A peak filter is a frequency filter that passes a
narrow band of frequencies and is configured to stop all
other frequencies. A peak filter in this respect is, in
essence, a very narrow band pass filter. Figure 3D sche-
matically illustrates measured loads in the frequency
domain and how a peak filter may select the in-plane
moments of 1p frequency. The result of the filter may be
seen in figure 3E, in which for three blades of a wind
turbine, in-plane modes with 1p frequency are shown
during a number of complete revolutions of the wind
turbine rotor.

[0036] Forthe comparison between the theoretical in-
plane moments due to the mass of the blade may be
determined based on an azimuthal position of the rotor
blade.

[0037] At block 240, the determination may be made
that the load sensors have reduced reliability if the se-
lected in-plane moments deviate from the theoretical in-
plane moments by more than a first threshold value.
[0038] In some examples, the method may further
comprise generating a first warning if the load sensors
have reduced reliability. A first threshold may be defined
which indicates a malfunctioning. If the threshold is
passed, different actions may be taken. Maintenance
may be planned to substitute or recalibrate load sensors.
Or the operation of the wind turbine may be downrated,
i.e.loads on the wind turbine may consciously be reduced
at the expense of electrical power generation, because
the measurements of the load sensors are not as reliable
as they should be. In other examples, the wind turbine
operation may be stopped if the load sensors are deter-
mined to be unreliable.

[0039] In some examples, the method may further
comprise determining whether the selected in-plane mo-
ments deviate from the theoretical in-plane moments by
more than a second threshold value, the second thresh-
old value being higher than the first threshold value. In
these examples, afirst threshold may generate awarning
signal (operators are made aware of a potential problem
and operation may continue, as normal or with some
changes), and the passing of a second threshold indi-
cates a more serious warning (e.g. interruption of the
operation).

[0040] Insomeexamples,the threshold value maybe a
percentage of an absolute value of a theoretical in-plane
moment. In some examples, the comparing the selected
in-plane moments with theoretical in-plane moments due
to a mass of the blade comprises determining a Root
Mean Square value of the selected in-plane moments.
These examples will be discussed with reference to
figures 4 and 5.

[0041] Figure 4A illustrates a comparison of in-plane
moments due to mass of a wind turbine blade with in-
plane moments of 1p frequency. A bandwidth may be
defined around the theoretical moment due to mass of a
blade as indicated with dotted lines. The bandwidth may
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be defined as a percentage of the theoretical momentdue
to a mass of a blade. The bandwidth might also be of a
given fixed value. As long as the moment of 1p frequency
derived from the actual measurements stays within the
bandwidth (as in figure 4A), the load sensors may be
regarded as functioning correctly. As mentioned before,
more than one bandwidth might be defined in examples.
[0042] Figure 4B illustrates an example in which the
load sensors are determined less reliable or unreliable. It
may be seen that in various occasions, the loads derived
from the measurements go outside the defined band-
width.

[0043] Figures 5A and 5B schematically illustrate an
alternative example. In the example of figure 5, another
comparison between the measured and theoretical mo-
ments is shown. For the 1p in-plane moments, Root
Mean Square (RMS) of deviations with respect to the
theoretical moments, if indeed only mass of the blade is
measured, should be roughly constant. Actual measure-
ments will inevitably oscillate to some extent, because of
e.g. inevitable vibrations of the blades. Root Mean
Square (RSM) of differences between the theoretical
and measured in-plane 1p loads may be used for a
comparison with a threshold. In the example of figure
5A, the RMS values stay well within a defined bandwidth,
i.e. deviation is below a given threshold. In figure 5B on
the other hand, it may be seen that for all three blades,
RMS exceeds a given threshold. A malfunctioning of
different load sensors for the different blades may be
concluded.

[0044] Also when comparing RMS to determine a de-
viation from a theoretical curve or theoretical loads, more
than one threshold, or more than one bandwidth may be
defined.

[0045] During operation of the wind turbine, both the
examples of figures 4 and 5 may be used at the same
time, or one of the examples may be selected. In some
examples, the comparison according to figure 4 may be
used particularly for slow rotations of the wind turbine, or
measurements after an interruption of operation and the
comparison according to figure 5 may be used for steady
state operation above a minimum rotor speed.

[0046] In a further aspect, of the present disclosure a
wind turbine system is provided. The system comprises a
wind turbine 160 including a wind turbine rotor 115 with a
plurality of blades 120. The system includes a plurality of
load sensors for measuring loads on the blades, and a
control system. The control system may be configured to
receive signals from the load sensors during operation,
determine in-plane moments on one or more of the
blades, select the in-plane moments with 1p frequency
for the one or more blades and compare the selected in-
plane moments with theoretical in-plane moments due to
a mass of the one or more blades.

[0047] The control system may further be configured to
generate a warning signal if the selected in-plane mo-
ments deviate from the theoretical in-plane moments by
more than a predefined threshold.
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[0048] In some examples, each of the blades may
comprise strain gauges. Suitable strain gauges may
include resistive foil strain gauges. The resistive strain
gauges may be attached to the blade with a suitable glue,
e.g. epoxy based glue. Other types of strain gauges and
sensors may also be used such as e.g. piezoresistors,
capacitive strain gauges, or fiber optics to measure strain
along an optical fiber.

[0049] In some examples, the strain gauges may be
mounted such as to measure edgewise and flapwise
loads.

[0050] In some examples, the load sensors may be
mounted in or near a root portion of the blades. In ex-
amples, measurements from load sensors on the blades
that are not at the root of the blade may be extrapolated to
indicate moments at the root of a blade. In examples, the
sensors may be mounted at a suitable location on the
hub, instead of the blade.

[0051] Insomeexamples, the control system may be at
a remote location from the wind turbine. The control
system may be part of a SCADA system of a wind farm,
or may be at a remote operating centre. In some exam-
ples, the wind turbine controller itself may incorporate the
functions for determining a potential malfunction or loss
of reliability of the load sensor.

[0052] In a further aspect, with reference to figure 6, a
method for on-line determination of correct functioning of
load sensors mounted on a wind turbine blade is pro-
vided. On-line, as used herein shall mean that the method
can be carried out during standard operation of the wind
turbine, i.e. without the need of interrupting the operation
of the wind turbine and without the need to recreate a
specific load or rotational speed scenario.

[0053] The method may comprise, at block 300, mea-
suring edgewise and flapwise strains in the wind turbine
blade. At block 310, edgewise and flapwise bending
moments in the wind turbine blade based on the mea-
sured strains can be determined. At block 320, the edge-
wise and flapwise bending moments may be converted to
measured in-plane moments and measured out-of-plane
moments on the wind turbine blade. A peak filter may be
applied, at block 330, to determine the measured in-
plane moments with 1p frequency. At block 340, an
azimuth angle of the rotor blade is determined, and at
block 350, based on the azimuth angle, a theoretical
variation of a moment due to the mass of the rotor blade
can be determined. At block 360, the theoretical variation
of the moment due to the mass of the rotor blade may be
compared with the in-plane moment with 1p frequency.
[0054] In some examples, the load sensors may be
determined to function correctly, ifthe measured in-plane
moments with 1p frequency substantially corresponds to
the theoretical variation of the moment due to the mass of
the rotor blade. Whether or not the measured in-plane
moments correspond substantially to the theoretical var-
iation along a rotor rotation may be determined in a
variety of manners. One or more thresholds may be used.
And the thresholds may be defined in different manners.
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[0055] In some examples, the method may comprise
generating a warning if the measured in-plane moments
with 1p frequency deviate from the theoretical variation of
the moment due to the mass of the rotor blade by more
than a first threshold. Such a warning signal may be sent
to an operator at a remote operating center, and/or may
be sent to a wind turbine controller or SCADA system to
implement a predefined action for such a warning signal.
[0056] In some examples, the method may further
comprise downrating the wind turbine if the warning is
generated.

[0057] In some examples, the edgewise and the flap-
wise bending moments in the wind turbine blade may be
determined at a sensor location in the blade, and these
may be converted to edgewise and flapwise bending
moments at a root of the blade.

[0058] The order shown of method steps in figures 3A
and 6 are not to be regarded as necessarily sequential. In
particular, the determination of azimuth angles does not
need to occur at any specific moment of time in compar-
ison to the measurement of the loads. The measured
loads and azimuth angle only need to be correlated in
time to make a meaningful comparison. Also, the meth-
ods may be continuously carried out during operation of
the wind turbine. Steps may be carried out at a frequency
of more than 1 HZ, specifically at a frequency of higher
than 10 Hz.

[0059] Examples of the methods disclosed herein may
be implemented with hardware, software, firmware and
combinations thereof.

[0060] Those of skill in the art would further appreciate
that the various illustrative logical blocks, modules, cir-
cuits, and algorithm steps described in connection with
the disclosure herein may be implemented as electronic
hardware, computer software, or combinations of both.
To clearly illustrate this interchangeability of hardware
and software, various illustrative components, blocks,
modules, circuits, and steps have been described above
generally in terms of their functionality. Whether such
functionality is implemented as hardware or software
depends upon the particular application and design con-
straints imposed on the overall system. Skilled artisans
may implement the described functionality in varying
ways for each particular application.

[0061] The various illustrative logical blocks, modules,
and circuits described in connection with the disclosure
herein may be implemented or performed with one or
more general-purpose processors, a digital signal pro-
cessor (DSP), cloud computing architecture, an applica-
tion specific integrated circuit (ASIC), a field program-
mable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hard-
ware components, or any combination thereof designed
to perform the functions described herein. A general-
purpose processor may be a microprocessor, but in
the alternative, the processor may be any conventional
processor, controller, microcontroller, or state machine. A
processor may also be implemented as a combination of
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computing devices, e.g., a combination of a DSP and a
microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or
any other such configuration.

[0062] The present disclosure also related to comput-
ing systems adapted to carry out any of the methods
disclosed herein.

[0063] The present disclosure also relates to a com-
puter program or computer program product comprising
instructions (code), which when executed, performs any
of the methods disclosed herein.

[0064] The computer program may be in the form of
source code, object code, a code intermediate source
and object code such as in partially compiled form, or in
any other form suitable for use in the implementation of
the processes. The carrier may be any entity or device
capable of carrying the computer program.

[0065] If implemented in software/firmware, the func-
tions may be stored on or transmitted over as one or more
instructions or code on a computer-readable medium.
Computer-readable media includes both computer sto-
rage media and communication media including any
medium that facilitates transfer of a computer program
from one place to another. A storage media may be any
available media that can be accessed by a general
purpose or special purpose computer. By way of exam-
ple, and not limitation, such computer-readable media
can comprise RAM, ROM, EEPROM, CD/DVD or other
optical disk storage, magnetic disk storage or other mag-
netic storage devices, or any other medium that can be
used to carry or store desired program code means in the
form of instructions or data structures and that can be
accessed by a general-purpose or special-purpose com-
puter, or a general-purpose or special-purpose proces-
sor. Also, any connection is properly termed a computer-
readable medium. For example, if the software/firmware
is transmitted from a website, server, or other remote
source using a coaxial cable, fiber optic cable, twisted
pair, digital subscriber line (DSL), or wireless technolo-
gies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pair, DSL, or
wireless technologies such as infrared, radio, and micro-
wave are included in the definition of medium. Disk and
disc, as used herein, includes compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy disk
and Blu-ray disc where disks usually reproduce data
magnetically, while discs reproduce data optically with
lasers. Combinations of the above should also be in-
cluded within the scope of computer-readable media.
[0066] This written description uses examples to dis-
close the invention, including the preferred embodi-
ments, and also to enable any person skilled in the art
to practice the invention, including making and using any
devices or systems and performing any incorporated
methods. The patentable scope of the invention is de-
fined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
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structural elements that do not differ from the literal
language of the claims.

[0067] Ifreference signsrelated todrawings are placed
in parentheses in a claim, they are solely for attempting to
increase the intelligibility of the claim, and shall not be
construed as limiting the scope of the claim.

Claims

1. A method for determining reliability of one or more
load sensors in a wind turbine, comprising:

measuring (200) loads with the load sensors
during operation of the wind turbine;
determining (210, 220) in-plane moments with
rotor rotational speed frequency of one or more
blades based on the measured loads;
comparing (230) the in-plane moments with ro-
tor rotational speed frequency with theoretical
in-plane moments due to a mass of the blades;
determining (240) that the load sensors have
reduced reliability if the in-plane moments with
rotor rotational speed frequency deviate from
the theoretical in-plane moments by more than
a first threshold value.

2. The method according to claim 1, wherein the mea-
suring (200) loads comprises measuring (300) flap-
wise and edgewise moments.

3. The method according to claim 2, wherein the flap-
wise and edgewise moments are converted (320) to
in-plane moments and out-of-plane moments based
on a pitch angle of the blades.

4. The method according to any of claims 1 - 3, wherein
determining in-plane moments with rotor rotational
speed frequency comprises:

determining (210) in-plane moments based on
the measured loads; and

selecting (220) the in-plane moments with rotor
rotational speed frequency;

5. Themethod according to any of claims 1 -4, wherein
the theoretical in-plane moments due to the mass of
the blades are determined based on an azimuthal
position of the rotor blade.

6. The method according to any of claims 1 -5, wherein
the selecting the in-plane moments with rotor rota-
tional speed frequency comprises filtering (330) the
determined in-plane moments of the blades using a
peak filter.

7. The method according to any of claims 1 -6, wherein
the threshold value is a percentage of an absolute
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value of a theoretical in-plane moment.

The method according to any of claims 1 - 7, wherein
the comparing the selected in-plane moments with
theoretical in-plane moments due to a mass of the
blades comprises determining a Root Mean Square
value of the selected in-plane moments.

The method of any of claims 1 - 8, further comprising
generating a first warning signal if the load sensors
have reduced reliability.

The method of claim 9, further comprising determin-
ing whether the selected in-plane moments of the
blades deviate from the theoretical in-plane mo-
ments of the blades by more than a second threshold
value, the second threshold value being higher than
the first threshold value.

The method of claim 10, further comprising interrupt-
ing the operation of the wind turbine, if the selected
in-plane moments of the blades deviate from the
theoretical in-plane moments of the blades by more
than the second threshold value.

A wind turbine system comprising:

a wind turbine (160) including a wind turbine
rotor (115) with a plurality of blades (120),

a plurality of load sensors for measuring loads
on the blades (120), and

a control system configured to:

receive signals from the load sensors during
operation;

determine in-plane moments (210) on one
or more of the blades;

select (220) the in-plane moments with rotor
rotational speed frequency for the one or
more blades;

compare (230) the selected in-plane mo-
ments with theoretical in-plane moments
due to a mass of the one or more blades;
and

generate a warning signal if the selected in-
plane moments deviate from the theoretical
in-plane moments by more than a prede-
fined threshold.

The system of claim 12, wherein each of the blades
(120) comprises strain gauges.

The system of claim 12 or 13, wherein the strain
gauges are mounted such as to measure edgewise
and flapwise loads.

The system of any of claims 12 - 14, wherein the
sensors are mounted in or near a root portion of the
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blades (120).

Patentanspriiche

Verfahren zur Bestimmung der Zuverlassigkeit eines
oder mehrerer Lastsensoren in einer Windkraftan-
lage, umfassend:

Messung (200) der Lasten mit den Lastsenso-
ren wahrend des Betriebs der Windkraftanlage;
Bestimmung (210, 220) der Momente in der
Rotorblattebene mit der Rotordrehzahlfrequenz
von einem oder mehreren Blattern aufgrund der
gemessenen Lasten;

Vergleich (230) der Momente in der Rotorblatt-
ebene mit der Frequenz der Rotordrehzahl mit
den theoretischen Momenten in der Rotorblatt-
ebene aufgrund der Masse der Blatter;
Feststellung (240), dass die Lastsensoren eine
verminderte Zuverlassigkeit

aufweisen, wenn die Momente in der Rotorblatt-
ebene mit der Rotordrehzahlfrequenz von den
theoretischen Momenten in der Rotorblattebene
um mehr als einen ersten Schwellenwert abwei-
chen.

Verfahren nach Anspruch 1, wobei das Messen
(200) von Lasten das Messen (300) von Momenten
in Schlagrichtung und in Schwenkrichtung umfasst.

Verfahren nach Anspruch 2, wobei die Momente in
Schlagrichtung und in Schwenkrichtung in Momente
in der Rotorblattebene und Momente auRerhalb der
Rotorblattebene auf der Grundlage eines Anstell-
winkels der Blatter umgewandelt werden (320).

Verfahren nach einem der Anspriiche 1bis 3, wobei
die Bestimmung von Momenten in der Rotorblatt-
ebene mit der Rotordrehzahlfrequenz umfasst:

Bestimmen (210) von Momenten in der Rotorb-
lattebene auf der Grundlage der gemessenen
Lasten; und

Auswahl (220) der Momente in der Rotorblatt-
ebene mit der Frequenz der Rotordrehzahl;

Verfahren nach einem der Anspriiche 1 bis 4, wobei
die theoretischen Momente in der Rotorblattebene
aufgrund der Masse der Blatter auf der Grundlage
einer azimutalen Position des Rotorblatts bestimmt
werden

Verfahren nach einem der Anspriiche 1 bis 5, wobei
das Auswahlen der Momente in der Rotorblattebene
mit der Rotordrehzahlfrequenz das Filtern (330) der
ermittelten Momente in der Rotorblattebene der
Schaufeln unter Verwendung eines Spitzenwertfil-



10.

1.

12.

15 EP 4 008 900 B1 16

ters umfasst.

Verfahren nach einem der Anspriiche 1 bis 6, wobei
der Schwellenwert ein Prozentsatz des Absolut-
werts eines theoretischen Moments in der Rotorb-
lattebene ist.

Verfahren nach einem der Anspriiche 1 bis 7, wobei
der Vergleich der ausgewahlten Momente in der
Rotorblattebene mit theoretischen Momenten in
der Rotorblattebene aufgrund der Masse der Schau-
feln die Bestimmung eines quadratischen Mittel-
werts der ausgewahlten Momente in der Rotorblatt-
ebene umfasst.

Das Verfahren nach einem der Anspriiche 1 bis 8
umfasst ferner die Erzeugung eines ersten Warn-
signals, wenn die Zuverlassigkeit der Lastsensoren
verringert ist.

Verfahren nach Anspruch 9, das ferner die Bestim-
mung umfasst, ob die ausgewahlten Momente in der
Rotorblattebene der Schaufeln von den theoreti-
schen Momenten in der Rotorblattebene der Schau-
feln um mehr als einen zweiten Schwellenwert ab-
weichen, wobei der zweite Schwellenwert hoher ist
als der erste Schwellenwert.

Verfahren nach Anspruch 10, das ferner die Unter-
brechung des Betriebs der Windturbine umfasst,
wenn die ausgewahlten Momente in der Rotorblatt-
ebene der Blatter von den theoretischen Momenten
in der Rotorblattebene der Blatter um mehr als den
zweiten Schwellenwert abweichen.

Windturbinensystem, das Folgendes umfasst:

eine Windturbine (160) mit einem Windturbinen-
rotor (115) mit einer Vielzahl von Blatter (120),
eine Vielzahl von Lastsensoren zur Messung
der auf die Blatter (120) wirkenden Lasten und
ein Steuerungssystem, das so konfiguriert ist,
dass es:

wahrend des Betriebs Signale von den
Lastsensoren empfént;

Momente in der Rotorblattebene (210) an
einer oder mehreren der Blatter bestimmt;
Momente in der Rotorblattebene mit der
Rotordrehzahlfrequenz fir die eine oder
mehrere Blatter auswahlt;

der ausgewahlten Momente in der Rotorb-
lattebene mit theoretischen Momenten in
der Rotorblattebene aufgrund der Masse
der einen oder mehreren Blatter verglicht;
und

ein Warnsignal erzeugt, wenn die ausge-
wahlten Momente in der Rotorblattebene
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15.

von den theoretischen Momenten in der
Rotorblattebene um mehr als einen vorde-
finierten Schwellenwert abweichen.

System nach Anspruch 12, wobei jede der Blatter
(120) Dehnungsmessstreifen umfasst.

System nach Anspruch 12 oder 13, wobei die Deh-
nungsmessstreifen so angebracht sind, dass sie
Belastungen in Schwenk- und Schlagrichtung mes-
sen.

System nach einem der Anspriiche 12 bis 14, wobei
die Sensoren im oder in der Nahe des Wurzelbe-
reichs der Blatter (120) angebracht sind.

Revendications

1.

Méthode pour déterminer la fiabilité d’'un ou de plu-
sieurs capteurs de charge dans une éolienne,
comprenant :

mesurer (200) les charges a I'aide des capteurs
de charge pendant le fonctionnement de I'éo-
lienne ;

déterminer (210, 220) les moments dans le plan
du rotor avec la fréquence de la vitesse de
rotation du rotor d’'une ou de plusieurs pales
sur la base des charges mesurées

en comparant (230) les moments dans le plan
du rotor avec la fréquence de la vitesse de
rotation du rotor avec les moments théoriques
dans le plan du rotor dus a la masse des pales ;
déterminer (240) que les capteurs de charge ont
une fiabilité réduite si les moments dans le plan
du rotor avec la fréquence de la vitesse de
rotation du rotor s’écartent des moments théo-
riques dans le plan du rotor de plus d’une pre-
miére valeur seuil.

La méthode selon la revendication 1, dans laquelle
mesurer (200) des charges comprend mesurer (300)
des moments dans le sens de battement et de la
corde.

La méthode selon la revendication 2, dans laquelle
les moments dans le sens de battement et de la
corde sont convertis (320) en moments dans le plan
du rotor et en moments hors du plan du rotor sur la
base d’'un angle d’inclinaison des pales.

La méthode selon I'une des revendications 1a 3,
dans laquelle la détermination des moments dans
le plan du rotor avec la fréquence de la vitesse de
rotation du rotor comprend

déterminer (210) les moments dans le plan du
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rotor sur la base des charges mesurées ; et
sélectionnant (220) les moments dans le plandu
rotor en fonction de la fréquence de la vitesse de
rotation du rotor.

La méthode selon I'une des revendications 1 a 4,
dans laquelle les moments théoriques dans le plan
du rotor dus a la masse des pales sont déterminés
sur la base d’'une position azimutale de la pale du
rotor

Méthode selon I'une des revendications 1 a 5, dans
laquelle la sélection des moments dans le plan du
rotor en fonction de la fréquence de la vitesse de
rotation du rotor comprend le filirage (330) des mo-
ments dans le plan du rotor déterminés des pales a
I'aide d’un filtre de créte.

Méthode selon 'une des revendications 1 a 6, dans
laquelle la valeur seuil est un pourcentage de la
valeur absolue d’'un moment théorique dans le plan
du rotor.

La méthode selon I'une des revendications 1 a 7,
dans laquelle la comparaison des moments dans le
plan du rotors sélectionnés avec les moments théo-
riques dans le plan du rotor dus a la masse des pales
comprend la détermination d’une valeur moyenne
quadratique des moments dans le plan du rotor
sélectionnés.

La méthode de I'une des revendications 1 a 8,
comprenant en outre la génération d’'un premier
signal d’avertissement si les capteurs de charge
ont une fiabilité réduite.

La méthode de la revendication 9, comprenant en
outre la détermination si les moments en plan du
rotor sélectionnés des pales s’écartentdes moments
en plan du rotor théoriques des pales de plus d’une
deuxiéme valeur seuil, ladeuxiéme valeur seuil étant
supérieure a la premiére valeur seuil.

La méthode de la revendication 10, comprenant en
outre l'interruption du fonctionnement de I'éolienne,
si les moments en plan du rotor sélectionnés des
pales s’écartent des moments en plan du rotor théo-
riques des pales de plus de la deuxiéme valeur seuil.

Systéme de turbine éolienne comprenant :

une éolienne (160) comprenant un rotor d’éo-
lienne (115) avec plusieurs pales (120),

une pluralité de capteurs de charge pour mesu-
rer les charges sur les pales (120), et

un systeme de contrble configuré pour :

recevoir les signaux des capteurs de charge
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pendant le fonctionnement ;

déterminer les moments dans le plan du
rotor (210) sur une ou plusieurs pales ;
sélectionner (220) les moments dans le
plan du rotor en fonction de la fréquence
delavitesse de rotation du rotor pour une ou
plusieurs pales ;

comparer (230) les moments en plan du
rotor sélectionnés avec les moments en
plan du rotor théoriques dus a la masse
d’une ou de plusieurs pales ; et

générer un signal d’avertissement si les
moments dans le plan du rotor sélectionnés
s’écartent des moments dans le plan du
rotor théoriques de plus d’un seuil prédéfini.

Le systéme de la revendication 12, dans lequel
chacune des pales (120) comprend des jauges de
contrainte.

Le systéme de larevendication 12 ou 13, dans lequel
les jauges de contrainte sont montées de maniére a
mesurer les charges dans le sens de la corde et de
battement.

Le systéme de lI'une des revendications 12 a 14,
dans lequel les capteurs sont montés dans ou prés
d’une partie de la racine des pales (120).
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